Properties of the K+ pool of Escherichia coli K-12 and its roles in the bacterial growth were studied quantitatively.
Properties of the K+ pool of Escherichia coli K-12 and its roles in the bacterial growth were studied quantitatively.
Cells are able to maintain 240 mm K+ in the pool irrespective of K+ concentrations in the medium and against a concentration gradient of more than 5 orders of magnitude.
The amount of K+ in the pool strictly determines the rate of growth and growth yield. Cells cease to grow when the K+ concentration in the pool is down to about 25 mat. Rb+ is not able to substitute for K+ in the K+ pool completely and the rates of growth of cells become slower when more of the K+ in the pool is replaced by Rb+-Most K+ in the pool exists in an osmotically active form but 10 to 20% of the K+ is resistant to changes in osmolarity and temperature of the medium and maintained in the cells depending on the supply of endogenous metabolic energy.
Two constitutive transport systems for K+ were shown to be functioning in the establish ment of the K+ pool. A high affinity system seems to relate mainly to the establishment of steady state of the K+ pool. A low affinity system with a high Vmax catalyzes the rapid influx of K+ when the cells are exposed to changes in temperature and osmotic conditions. This system shares Rb+ as a common substrate and is driven by both ATP and a proton motive force.
The concept of intracellular homeostasis in cation contents and osmolarity is widely accepted and of potential importance in cell physiology. Potas sium ions are known to play an essential role as a major constituent of the cytoplasmic compart ment in cells while the surrounding medium is rich in sodium ions.
A variety of physiological roles of KI are known such as the characteristic ion for osmotic adaptation, regulatory ion for control of intracel lular pH, and effector ion for metabolic processes (1) . The K+ pool in the cells also serves as an electrochemical, chemiosmotic reservoir for energy transduction (2, 3). counted in a liquid scintillation counter (Beckman LS150) and protein was determined by the method of Lowry et al. (18) . Data were analyzed with respect to models for a single carrier and two independent carriers by the iterative non-linear least square method (19) . RESULTS Figure  IA shows growth curves of cells in various media which contained different amounts of K+ and other alkali metal cations.
1) Effect of K+ on Growth and Displacement by Rb+-
The cells which were grown in K100 and transferred to the same medium served as a control.
It was found that the growth curve in Nal00-K1 followed the control, indicating that 1 mm K+ supports the full extent of growth.
When the cells were trans ferred to NalOO, this sudden reduction in K+ concentration resulted in a lag period of more than 10 h (curve not shown).
In another experiment, cells were previously cultured in NalOO and transferred to the same medium (Fig. IA) . They grew without a lag period but ceased to grow 4 h after inoculation when the K+ in the Na100 as contamination was depleted almost completely from the medium. The growth yield was found to be 20% of that in K100. When the cells were incubated in Nal00-Rbl the rate and extent of growth became much greater than in Na100, indicating that Rb+ partially substitutes for K+. Consistent with this result, a high concentration of Rb+ such as in Nal00-K5-Rb125 reduced the rate of growth but not the extent.
Figure lB shows the changes in the intracel lular concentrations of K+ and Rb+ in a culture of NalOO-Rbl.
It was clearly shown that Rbin+ increases only when Kout+ is depleted so that cellular osmolarity (sum of K+ and Rb+) is kept constant. When the K+ pool decreased to 25 mm the cells ceased to grow. 2) Stability of K+ Pool-The K+ pools of bacteria have been suggested to be pH-dependent (4) and temperature and osmotic pressure-sensitive (20) . In fact, when cells were grown in K100, harvested by centrifugation, and washed twice energy as described previously (13) . These find ings suggest that stabilities of K+ in the K+ pool are diverse, the majority being simply sensitive to changes in temperature and osmotic pressure of the medium while the rest depend on an endo genous supply of energy.
3) Kinetics of K+ Pool Formation-Respira tory and metabolic activities of strain NR-70 to produce energy have been examined extensively and reported elsewhere (13, 21, 22) . Cells were incubated with 5 mm 42KCI and establishment of the K+ pool followed with time (Fig. 2) . The reaction proceeded biphasically as observed previ ously (21): The initial phase which was proved to reflect net influx by flame-photometry ends within 1 min, and is followed by a slow, nonlinear phase of 100 min. The K+ uptake in the initial phase depended markedly on temperature and metabolic energy. At 100 min of the reaction, the K+ content in the cells was determined to be 230 mm. These observations suggest that at least two transport processes for K+ function in the formation of the K+ pool: One mediates rapid influx while the other catalyzes slow uptake .
The established K+ pool was found to be mostly osmotically active since 42K+ was readily replaced upon addition of non-labelled K+ to the mixture (see the arrow in Fig. 2) . Rb+ was shown to substitute for 42K+ but the rate of exchange was less than one tenth of that by K+. In addition, an instantaneous increase of the K+ pool was ob served upon addition of NaCl (Fig. 2) or 0.4 M sucrose (data not shown). These findings suggest that the transport system(s) for K+ is less sensitive to Rb+ and the K+ pool adapts instantaneously to a change in the osmotic pressure of the medium. Figure 3 shows the time course of net influx of 86Rb+, whose rate is slow and virtually com parable to that of the slow, non-linear influx of 42K (see Fig . 2 ). It was also noted that the ability of K+ to induce exchange-exit of 86Rb is almost the same as that of Rb+. These findings indicate that at least one transport system for K+ shares Rb+ as a common substrate. 4 (Table‡V ) .
As already shown in Fig. 2 phases the effects of Rb+ were studied kinetically. Figure 6 clearly indicates that Rb+ inhibits the K+ uptake in the initial phase with an ID56 of about 1 mm while it does not inhibit the K+ uptake in the second, slow phase at all. Furthermore, the Rb+ uptake is inhibited competitively by K+ as shown in Fig. 7 . These observations suggest strongly that: 1) At the initial phase of K+ uptake two transport systems work simultaneously but the low affinity system with a high Vmax stops working within 30 to 60 s by an unknown mech anism. 2) This low affinity system shares Rb+ as a common substrate and is inhibited specifically by the presence of Rb+-3) Rb+ is taken up only via the low affinity K+ transport system. This conclusion is supported by the exchange-exit experiments in Figs. 2 and 3. 4) The high affinity K+ transport system, which is insensitive to Rb+, seems to function in establishing a physiological K+ pool in the cells with a constant uptake velocity.
The properties of the low affinity K+ transport system were specifically studied by investigating the effects of energy poisons and pH on the 86Rb+ uptake.
As shown in Table IV We concluded that strain NR-70 has two transport systems specific for K+. Both systems show moderate affinities for K+ uptake and par ticipate in the formation and maintenance of the K+ pool. The activity of the high affinity K+ transport system is not inhibited at all by Rb+. A similar observation was described by Rhoads et al. (8) . Rb+ is taken up via a saturable process and this uptake activity is inhibited competitively by K+ (Fig. 5) . Therefore, we consider that the low affinity K+ transport system catalyzing the high-rate of uptake shares Rb* as a common substrate.
It was found that Rb+ can enter the cells when K+ in the medium is virtually depleted or the medium contains a large excess of Rb+ over K+ (Table I) . Moreover, Rb+ is not able to substitute for K+ completely and there remains a stable K+ pool of about 25 mat K+ in the cells. We suggest that this K+ pool is essential and not replaced by Rb+
As shown in Fig. 2 , the time course of K+ pool formation is unique since the initial phase of rapid uptake ends soon and is followed by a slow phase of non-linear uptake. Also shown is the fact that the cells are able to adapt instantaneously upon a change in osmolarity. Similar observations have been made by Epstein and his coworkers (11, 20, 23) . Available data suggest that the low affinity K+ transport system relates to this rapid influx and enables the cells to regulate the K+ pool against instantaneous changes in the medium osmolarity. We should point out that this type of emergency mechanism makes significant sense in osmoregulation in general.
Most of the K+ in the K+ pool was found to be osmotically active. However, a significant amount of the K+, about 10 to 20% of the total, was insensitive to washing in the cold and released when the cells were treated with energy poisons (Table II) . This observation indicates that the state of K+ in the pool is not homogeneous.
The physiological meaning of this difference is unknown and we are investigating the mechanism which equilibrates K+ differently in the pool.
We are indebted to Prof. S. Awazu for his critical discussion.
